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We investigate the crystal structure and the electronic properties of the trilayer nickelate La4Ni3O10
by means of quantum mechanical calculations in the framework of the density functional theory.
We find that, at low temperature, La4Ni3O10 undergoes a hitherto unreported structural phase
transition and transforms to a new monoclinic P21/a phase. This phase exhibits electronic properties
in agreement with recent angle-resolved photoemission spectroscopy data reported in H. Li et al.,
Nat. Commun. 8, 704 (2017) and should be considered in models focused on explaining the observed
∼140 K metal-to-metal phase transition.
Introduction.—Since the discovery of high-temperature
superconductivity in the layered hole-doped cuprate
La2−xBaxCuO4,1 numerous explorations have been per-
formed to find copper-free transition metal oxides with
comparable or higher transition temperatures (Tc).
2 Su-
perconductivity has been found in layered ruthenates3
and cobaltates;4 however, the superconductivity in these
t2g-electron systems differs from that in the cuprates and
Tc is rather low. The band structure of high-Tc supercon-
ducting cuprates (HTSC) derives from the 3d9 electronic
configuration of Cu2+ with one hole in the dx2−y2 or-
bital. Layered nickelates are eg-electron compounds and
broadly exhibit an electronic configuration similar to that
of cuprates, which makes them ideal candidates to search
for high-Tc superconductivity.
In addition, the Ruddlesden-Popper (RP) nickelates
R4Ni3O10 (R = La, Pr, and Nd) share the same crystal
habit as those of the HTSCs. The most common oxidation
states are Ni3+ and Ni2+, however, which results in elec-
tronic properties that are quite different from cuprates.5
Nonetheless, layered nickelates exhibit a number of in-
triguing physical properties and phase transitions.6–8 For
example, trilayered perovskite R4Ni3O10 compounds are
members of a small family of oxides that exhibit metal-
lic conductivity even at low temperatures.9 Interesting,
these compounds undergo a metal-to-metal transition be-
tween 140 K and 165 K.9–11 Recently, Li et al.11 analyzed
the Fermi surface of the trilayer nickelate La4Ni3O10 us-
ing angle-resolved photoemission spectroscopy (ARPES)
and density functional theory (DFT) band structure cal-
culations. The study describes the similarities and dif-
ferences between the low-energy electronic structure of
layered cuprates and nickelates. Moreover, the experi-
mental evolution of the Fermi surface as a function of
temperature shows the appearance of a pseudogap be-
tween 120 and 150 K, which suggests a connection with
the anomaly observed in the temperature-dependent resis-
tivity ∼140 K.10,11 This prior work did not consider the
possibility of a structural transition, despite the estab-
lished importance of lattice instabilities on both metal-
licity and superconductivity.12–14 Indeed, Li et al.11,15
interpret their data by assuming that the layered nicke-
late La4Ni3O10 maintains its Bmab symmetry over the
entire temperature range analyzed.10
In this Rapid Communication, we show that the or-
thorhombic Bmab phase of La4Ni3O10 is unstable at low-
temperature and undergoes a structural phase transition
to monoclinic P21/a using ab initio calculations. We find
that the low-energy electronic structure of this monoclinic
phase is in better agreement with previously published
ARPES data,11 suggesting that the structural phase tran-
sition is a necessary component to achieving a complete
description of the physics in La4Ni3O10.
Methods.—We perform first-principles density func-
tional non-spin-polarized calculations with the local-
density approximation (LDA)16 as implemented in the
Vienna Ab initio Simulation Package (VASP)17 with the
projector augmented wave (PAW) method18 to treat the
core and valence electrons using the following electronic
configurations: 5s25p66s25d1 (La), 3d84s2 (Ni), 2s22p4
(O). A 7× 7× 3 Monkhorst-Pack k-point mesh19 and a
600 eV planewave cut-off are used. For structural relax-
ations, we relax the atomic positions (forces to be less
than 0.1 meV A˚−1) and use Gaussian smearing (0.02 eV
width) for the Brillouin zone (BZ) integrations. We use
the AMPLIMODES software20,21 for the group theoret-
ical analyses. For all data discussed, we find that the
Perdew-Burke-Ernzerhof (PBE) generalized gradient ap-
proximation functional22 and the generalized gradient
approximation revised for solids functional (PBEsol)23
give similar results.
Structural Stability.—A survey of the available litera-
ture reveals that the crystal structure of La4Ni3O10 is
ambiguous. While some authors report that the refined
structure of La4Ni3O10 at 300 K is orthorhombic with
space group Bmab,10,24 others identified a monoclinic
structure with space group P21/a (hereafter referred to
as monoclinic-I).25 In both interpretations, the crystal
structure of La4Ni3O10 is described using 4 formula units
in the B-centered and primitive unit cells, respectively.
In Supplementary Table 1 of Ref. 26, we report the DFT-
LDA relaxed atomic positions within the Bmab space
group using the experimental lattice parameters.24 We
find that the positions for the free atomic Wyckoff orbits
are in close agreement with the experimental values re-
ported in Ref. 24, confirming that the LDA functional
is sufficiently accurate to describe the layered metallic
nickelate La4Ni3O10.
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2FIG. 1. Structural polymorphs of La4Ni3O10. (a) Phonon
dispersions of the reported Bmab phase with its layered corner-
connected NiO6 crystal structure (La and oxygen atoms omit-
ted for clarity).10,24 (b) Crystal structures of the low tem-
perature phases (Pcab and monoclinic-II P21/a). The script
letter indicate the sense of octahedral rotations about c within
the perovskite-layers; it is this change in stacking sequence
of the central NiO2 plane that results in the two competing
polymorphs. The dot in panel (a) indicates no rotation. Note
that the primitive P21/a monoclinic-II phase is shown in a
non-primitive cell to facilitate comparison.
To check the dynamical stability of the Bmab phase,
we performed first-principles phonon calculations. The
result, shown in Fig. 1a, indicates that the Bmab phase
is unstable at low temperatures. It can transform to
either the monoclinic P21/a (monoclinic-II) polymorph
(see Supplementary Table 2 in Ref. 26 for structural in-
formation) or the orthorhombic Pcab polymorph (Sup-
plementary Table 3) with a primitive lattice (Fig. 1b).
Although the energy difference between these two struc-
tures is only 1.5 meV per formula unit (f.u.) in favor of
the primitive orthorhombic structure, which makes them
essentially degenerate at the LDA level, both phases are
approximately 27 meV/f.u. lower in energy than the cen-
tered orthorhombic Bmab crystal structure. Note that
our energy comparison is done by removing all symme-
tries from our calculations and using the same supercell
volume and k-point sampling for the Bmab, Pbca, and
P21/a monoclinic-II phases. Also, note that no group-
subgroup relationship exists between the two predicted
low-temperature phases and therefore the phase prefer-
ence is likely to be strongly dependent on the experimental
conditions.
Next we evaluate the geometric-induced displacements
of the Pcab structure with respect to the Bmab phase us-
ing a group-theoretical analysis.20,21 These displacements
reduce the Pcab structure into a set of symmetry-adapted
modes transforming as different irreducible representa-
tions (irreps) of the Bmab phase. The loss of symmetry
derives from the appearance of an in-plane out-of-phase
rotation in the inner NiO2 plane (Fig. 1b) combined with
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FIG. 2. Symmetry reductions across the structural phase
transition in La4Ni3O10. Although at 300 K the orthorhom-
bic Bmab phase and monoclinic-I phase may coexist (upper
row), at low temperature these phases to transform into the
orthorhombic Pbca and monoclinic-II phases (lower row).
small antipolar displacements along the a-axis of all the
others atoms (not shown). The related distortion vector
corresponds to irrep Y+2 , which describes a phonon with
k = (1, 0, 0) wavevector and frequency ω = 73.4i cm−1 rel-
ative to the Bmab phase (Fig. 1a). Similarly, we perform
the group theoretical analysis on the P21/a monoclinic-II
phase. We find that the distortion vector corresponds to
the irrep Γ+2 described by a phonon at Γ and frequency
ω = 73.4i cm−1 (Fig. 1a). Differently from irrep Y+2 , the
zone-center instability exhibits an in-plane in-phase rota-
tion of the NiO2 plane between perovskite layers (Fig. 1b)
that results in the reduction of the periodicity of the
crystal structure along the c axis.
Upon relaxation of the internal coordinates of the
monoclinic-I P21/a phase suggested by Nagell et al.,
25 we
found that the structure transforms to the monoclinic-II
P21/a structure discussed above. Importantly, although
the monoclinic-I phase is described using 4 formula units,
the monoclinic-II P21/a phase can be described using
only 2 formula units. Therefore, being isomorphic, there
is no allowed group-subgroup relationship between the
two monoclinic phases and they can only be bridged
via an intermediate phase. Based on these findings, we
propose that although at room temperature the Bmab
and monoclinic-I phases may coexist in La4Ni3O10, the
Pbca and monoclinic-II phases are more likely to coexist
at low temperatures (Fig. 2). These subtle crystallo-
graphic distinctions will be important in understanding
the temperature-dependent electronic structure changes.
Electronic Structure.—The electronic band structure
for the orthorhombic high-temperature phase (Bmab)
of La4Ni3O10 is reported in Fig. 3a. As expected, the
electronic structure exhibits band splitting that arises
from the multilayer coupling active in the trilayer per-
ovskite. The splitting of the γ band results in a hole
pocket centered at Γ (Fig. 3a), which displays a linear
band dispersion across the Fermi level and is consequently
is ungapped. This feature is present in the 180 K APRES
spectrum reported in Ref. 11. Note that the electronic
band structure of the monoclinic-I phase reported by
Nagell et al.25 exhibits a similar feature (Supplementary
Figure 1 of Ref. 26). Interesting, at low temperature these
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FIG. 3. Electronic band structure of La4Ni3O10. Elec-
tronic properties of La4Ni3O10 for the (a) orthorhombic high-
temperature phase Bmab, (b) orthorhombic low-temperature
phase Pcab, (c) monoclinic-II low temperature phase P21/a,
and (d) primitive Bmab polymorph. The major low-energy dif-
ferences are indicated by the open ring. Additional differences
are clearly discernible at -0.4 eV at the Γ point.
features are gapped. Li et al.11 suggest that this behav-
ior can be connected to the appearance of a potential
charge-density waves (CDW) below the metal-to-metal
transition around 140 K.27,28 However, as we describe
next, our calculations suggest that this behavior is con-
nected to the structural transition Bmab→ P21/a and a
property of the monoclinic-II phase of La4Ni3O10, which
may or may not be CDW driven. This complex interplay
between lattice instabilities and electronic structure in
La4Ni3O10 appear to be similar to those appearing in the
metal-insulator transition of t2g-electron systems.
13
The electronic structures for the orthorhombic (Pcab)
and monoclinic-II (P21/a) low temperature phases are
shown in Fig. 3b and Fig. 3c, respectively. Although the
band structure for the primitive orthorhombic (Pcab)
phase is similar to that of the centered orthorhombic
high-temperature phase (Bmab), the electronic structure
of the monoclinic-II P21/a phase is markedly different.
It does not exhibit band splitting due to the different
periodicity of the crystal structure along the c axis. Be-
cause the absence of band splitting, the dispersion of the
γ band with d3z2−r2 orbital character turns flat and is in
much better agreement with the pseudo-gap symmetrized
spectrum taken at 24 K reported in Ref. 11. Also, the lack
of band splitting in the monoclinic P21/a phase results in
better agreement between the DFT band structure and
the observed low temperature Fermi surface.11
In Fig. 3d we show the electronic band structure of the
primitive cell of the Bmab structure. The primitive cell
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FIG. 4. Direct comparison of the electronic band structure of
the monoclinic-II low temperature phase P21/a (dark line) and
primitive Bmab polymorph (red line). Although the two band
structures are similar, clear differences exist. In particular,
the α-band exhibits different dispersion for the two structure.
has 2 formula units, see Supplementary Table 4 in Ref.
26, and was used by Li et al. for the band structure calcu-
lation in making comparisons with the ARPES data.11,15
Interesting, the low-energy electronic band structure of
the monoclinic-II P21/a (Fig. 3c) is strikingly similar to
that of the primitive cell of the Bmab structure (Fig. 3d).
After comparing the electronic band structures of the two
phases, we find that the α-band close to the M point
for the primitive Cmca is more dispersive than the α-
band of the monoclinic-II P21/a phase (Fig. 4). This
results in a different value of the mass enhancement for
the monoclinic-II P21/a that we quantify to be around
1.7, which is 23% less than the value calculated in Ref. 11.
Additional distinctions between the two phases can be
found at lower energy (near -0.4 eV) beginning at Γ and
evolving into the BZ.
Conclusions.—In summary, we propose that the re-
ported high-temperature phases of La4Ni3O10, which both
have 4 formula units, are unstable at low temperature
and transform to a monoclinic P21/a phase that can
be described using 2 formula unit. Moreover, the elec-
tronic structure of the new monoclinic-II P21/a phase is
in better agreement with available experimental ARPES
data.11 An important point to emphasize is that the in-
teraxial angles and lattice parameters of the primitive
cell of the Bmab phase are nearly identical to those of
the monoclinic-II structure.26 This is purely accidental
as the low-symmetry phase obtained from the phonons
could exhibit one of 13 monoclinic symmetries.
Our results highlight the need for careful consideration
of crystal-structure details when studying temperature
dependent electronic structure changes. Structural as-
signments of trilayered perovskites based only on crystal
system can lead to considerable misinterpretation and
the loss of key physics, especially when changes in elec-
tronic structure are less stark, e.g., at a weak metal-to-
metal transition. Last, this finding suggests the resistivity
anomaly detected at ∼140 K in Ref. 11 could have a
nontrivial structural component associated with it.
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5supporting information
Supplementary Table 1. Crystallographic parameters for orthorhombic Bmab La4Ni3O10 from DFT-LDA. The lattice parameters
are fixed to the experimental values reported in Ref. 24.
Bmab (64) a = 5.41327 A˚, b = 5.46233 A˚, c = 27.96049 A˚
Atom Wyck. Site x y z
La(1) 8f 0 -0.0018 0.4331
La(2) 8f 0 -0.0116 0.3022
Ni(1) 4b 0 0 0
Ni(2) 8f 0 -0.0033 0.1384
O(1) 8e 1/4 1/4 0.0074
O(2) 8f 0 0.9504 0.0701
O(3) 8e 1/4 1/4 0.1335
O(4) 8f 0 0.0373 0.2151
O(5) 8e 1/4 3/4 0.1455
The transformation matrix for conversion of the Bmab orthorhombic unit cell axes to the primitive unit cell axes is 1 0 00 1 0
−1/2 0 −1/2

Supplementary Table 2. Crystallographic parameters for monoclinic-II P21/a La4Ni3O10 obtained from DFT-LDA.
P21/a (14) a = 5.41327 A˚, b = 5.46233 A˚, c = 14.23984 A˚
α = γ = 90◦, β = 100.957◦
Atom Wyck. Site x y z
La(1) 4e 0.5883 0 0.1354
La(2) 4e 0.1985 0.4891 0.3959
Ni(1) 2a 0 0 0
Ni(2) 4e 0.1417 -0.0028 0.2781
O(1) 4e 0.2932 0.2136 0.0124
O(2) 4e 0.0683 -0.0445 0.1411
O(3) 4e 0.3865 0.2511 0.2696
O(4) 4e 0.2174 0.0342 0.4304
O(5) 4e 0.1021 1/4 0.7096
6Supplementary Table 3. Crystallographic parameters for orthorhombic Pcab La4Ni3O10 obtained from DFT-LDA.
Pcab (61) a = 5.41327 A˚, b = 5.46233 A˚, c = 27.96049 A˚
Atom Wyck. Site x y z
La(1) 8c 0.0221 0.0004 0.5677
La(2) 8c 0.0069 0.0111 0.6980
Ni(1) 4a 0 0 0
Ni(2) 8c 0.0071 0.0029 0.8610
O(1) 8c 0.2860 0.7853 -0.0064
O(2) 8c 0.0002 0.0457 -0.0704
O(3) 8c 0.2558 0.7486 0.8654
O(4) 8c 0.0083 -0.0349 0.7848
O(5) 8c 0.2581 0.2490 0.8547
Supplementary Table 4. Crystallographic parameters for the primitive cell of the orthorhombic Bmab of La4Ni3O10.
P 1¯ (2) a = 5.4133 A˚, b = 5.4623 A˚, c = 14.2398 A˚
α = γ = 90◦, β = 100.957◦
Atom Wyck. Site x y z
La(1) 2i 0.0669 0.0018 0.1337
La(2) 2i 0.5669 0.4982 0.1337
La(3) 2i 0.1978 0.0116 0.3955
La(4) 2i 0.3022 0.5116 0.6045
Ni(1) 1d 1/2 0 0
Ni(2) 1c 0 1/2 0
Ni(3) 2i 0.1385 0.5033 0.2769
Ni(4) 2i 0.3615 0.0033 0.7231
O(1) 2i 0.7574 1/4 0.0148
O(2) 2i 0.2574 1/4 0.0148
O(3) 2i 0.0701 0.5496 0.1403
O(4) 2i 0.4299 0.0496 0.8597
O(5) 2i 0.3835 1/4 0.2670
O(6) 2i 0.8835 1/4 0.26704
O(7) 2i 0.2151 0.4628 0.4301
O(8) 2i 0.7151 0.0373 0.4301
O(9) 2i 0.1045 1/4 0.7091
O(10) 2i 0.3955 3/4 0.2909
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Supplementary Figure 1. Electronic band structure of the monoclinic-I P21/a high-temperature phase of La4Ni3O10.
